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LONG TIME CREEP BEHAVIOR OF TANTALUM - 10 TUNGSTEN IN HIGH VACUUM
by Robert H. Titran and William D. Klopp

Lewis Re|$earch Center

SUMMARY

A study was made of the long-time, high vacuum creep behavior of polycrystalline
90 tantalum - 10 tungsten (Ta-10W) sheet at temperatures near one-half the melting
point. The creep curves were unusual in that the secondary creep rate increased with
time under constant load, beginning at total strains less than 0. 2 percent. It was de-
termined that creep strain was proportional to time3/2 during this second-stage creep.
This is believed to result from a concurrent diffusion controlled reaction, such as de-
segregation of tungsten from grain boundary regions.

The predominant deformation mechanism of Ta-10W under the imposed test condi-
tions is attributed to grain boundary sliding. However, the activation energy for creep
suggests that deformation by dislocation climb in regions adjacent to the grain bound-
aries, which accommodates grain boundary sliding, may be rate controlling.

Grain size exerts a significant effect on creep behavior. The creep strength de-
creases with decreasing grain size. Creep rate e/t was related to applied stress Oy
grain size L, and temperature T by

2/3 . n' -Q /RT
€  _=8=K 0a+§_ e ©
t

12
where
K = 8.35x107 10 sec™! (psi)~3- 47
A = 0. 0389 psi (cm)?
n' = 3. 47

Q, = 90 400 cal/g-mole

R = 1. 986 cal/g-mole



INTRODUCTION

Several tantalum alloys are currently of interest as containment materials for liquid
alkali metals in advanced space power systems. These alloys include T-111 (Ta-8W-
2Hf), T-222 (Ta-9.6W-2. 4Hf-0. 01C), and ASTAR-811C (Ta-8W-1Re-1Hf-0. 015C), all
of which possess adequate resistance to liquid metal corrosion and good creep strength
for the intended application. These space power systems are intended to operate for
long times, 10 000 to 50 000 hours, at temperatures in the 2000° to 2600° F (1093° to
1426° C) range.

During previous long-time creep evaluation of these and other candidate alloys of
tantalum and of columbium (refs. 1 to 6), several features of the creep behavior were
observed which merited further attention. These features were, first, a strong depend-
ence of creep rate on grain size, with coarse grained materials exhibiting lower creep
rates than fine grained materials, and second, a continually increasing second-stage
creep rate at strains under 1 percent at constant load and constant temperature.

The effects of grain size on creep rate have received increasing attention during
the past decade. The concept advanced by Garofalo (ref. 7) appears to be qualitatively
applicable to many metals and alloys and states the following:

(1) At low temperatures (or high /D), Petch-type strengthening occurs, with fine-
grained materials being stronger.

(2) At intermediate temperatures, the highest creep strength is observed at an
optimum intermediate grain size.

(3) At high temperatures (or low ¢/D), grain boundary sliding predominates, and
coarse-grained materials are strongest.

Garofalo has further suggested that grain size effects on creep can be expressed as
, 213 413

€= (sinh ao)™ e~ Q/RT (1)

where L is the grain diameter and L, is the grain diameter observed at the minimum
for secondary creep rate.

One effect of alloying is apparently to lower the temperature at which grain boundary
sliding predominates over grain boundary strengthening, so that coarse-grained alloys
generally have higher creep strength than fine-grained alloys. However, the improved
creep strength associated with higher pretest annealing temperatures observed for Cb-
1Zr (ref. 4) and FS-85 (Cb-27Ta-10W-1Zr) (ref. 5) have been ascribed to changes in
precipitate morphology rather than to grain size effects on creep mechanism.

The increasing creep rate at low strains observed during long-time creep of many
columbium and tantalum alloys contrasts sharply with the intermediate period of linear



creep normally observed for pure metals and many alloys at temperatures near 0.5 Tm'
However, there have been other observations of unusual creep curves. For example,
Lawley, Coll, and Cahn (ref. 8) have observed accelerating creep in polycrystalline
iron-aluminum alloys tested near the order-disorder transformation temperature which
they attribute to stress-induced short-range directional ordering. Howard et al.

(ref. 9) have also observed brief initial accelerating creep in single crystals of silver -
aluminum, attributed to localized stress-induced disordering near dislocations. In con-
trast to the previous mechanisms involving stress-induced diffusion, Sheffler et al.

(ref. 6) have suggested that the increasing creep rates in the tantalum alloy T-111 are

a result of oxygen loss during high-vacuum testing which reduces strain aging and cause
progressive weakening of the alloy. In view of the fact that the phenomenon has been
observed for extended time periods during the creep of tantalum and columbium alloys
of various composition and under varying vacuum conditions (some of which resulted in
oxygen pick up rather than loss), it seemed desirable to further investigate this phe-
nomenon.

The purpose of the present investigation was to better define the long-time creep
behavior of tantalum alloys with particular respect to the effects of grain size on creep
rate and the accelerating creep rates. In order to eliminate the complicating effects
of carbide or oxide precipitates, the single phase solid-solution alloy Ta-10W was
chosen for study, with the expectation that results on this material would be at least
partially applicable to the more complex Ta-W-(Hf-HfC) base alloys. Tests were con-
ducted at stresses from 6000 to 15 900 psi (41. 37 to 109.63 MN/mZ) in the temperature
range 2000° to 2462° F (10930 to 1350° C) to approximate expected service conditions
in future space power systems.

SYMBOLS
A,B,K, ¢ constants
a,b,c,d coefficients of polynomials
C circumference of circle, cm
D diffusion coefficient, (cmz)(sec-l)
L average grain diameter, cm
Lm average grain diameter at minimum secondary creep rate, cm
M projected magnification, diam
N number of grain boundary intercepts
n exponential dependency of creep rate on applied stress, o

a



n' exponential dependency of creep rate on effective stress, Oq
Qc apparent activation energy for creep, cal/g-mole
Qd activation energy for diffusion, cal/g-mole

R gas constant, 1.986 cal/g-mole

T absolute temperature, K

t time, sec

o primary creep rate constant, (strainz)(sec'l)
secondary creep rate constant, (strain2/3)(sec'1)

€ creep Strain

€, initial creep strain on loading

€, secondary creep rate, sec™!

o,  applied stress, psi (MN/m2)

Oo effective stress, psi (MN/mz)

MATERIAL AND PROCEDURES

The material used in this study was a 30-mil- (0.076-cm-) thick Ta-10W sheet pro-
cured commercially in the cold-worked condition. The manufacturer reported that the
material had been cold-rolled 90 percent following the last in-process stress relief heat
treatment. Chemical analysis of the sheet is shown in table I.

Creep specimens with a 1-inch (2. 54-cm) gage length and a 0. 250-inch (0. 635-cm)
gage width, as shown in figure 1, were machined from the sheet with the specimen axis
parallel to the final rolling direction. These specimens were degreased in acetone,
wrapped in clean tantalum foil, and then annealed for 1 hour in a titanium sputter ion
pumped furnace at a vacuum of 107" torr at 2600°, 2800°, 3000°, 3200°, and 3600° F
(14260, 15370, 16480, 1759°, and 1982° C, respectively). Temperatures were measured

TABLE I. - CHEMICAL ANALYSIS OF TANTALUM - 10 TUNGSTEN SHEET

Element Tungsten | Oxygen l Nitrogenl Carbon | Hydrogen

Tantalum l

Composition, 10.35 [0.0021 | 0.0040 {0.0015 | 0.0001 | Balance

weight percent

o W [T Y IR TR T | Bl el MmmEl T
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Figure 1. - Standard sheet creep-test specimen. (All dimensions are
in miflimeters.})

with a tungsten/tungsten - 26 percent rhenium thermocouple and are estimated to be ac-
curate within 9° F (5° C).

All creep specimens were weighed to the nearest 0. 1 milligram before and after
annealing to determine if contamination resulted during heat treatment. In all cases,
no significant weight changes were observed, indicating that the possible contamination
amounted to a maximum of less than 10 ppm by weight.

These annealing schedules resulted in specimens with initial average grain diam-
eters of 0.0022, 0.0026, 0.0035, 0.0053, and 0. 0237 centimeter, respectively. Micro-
graphs of representative structures after annealing are shown in figure 2. Grain sizes
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Figure 2. - Structure of Ta-10W after annealing for 1 hour at indicated temperature. X250,
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Figure 2. - Concluded.

were also determined after creep testing; these final grain sizes were used in corre-
lating grain sizes effects. The average grain diameters were determined by counting
the number of boundary intercepts with a measured circle on a projection screen. The
following relation was employed in calculating the grain diameter:

L=C
MN
where
L  average grain diameter, cm
C circumference of circle, cm
M projected magnification
N number of grain boundary intercepts

[=2]



At least ten counts were averaged for each specimen by two independent observers.

The titanium-sputter ion pumped, high-vacuum (10'9 torr) creep facilities used in
this study are described in detail in reference 10. Creep strain measurements were
performed optically. A cathetometer clamped to the furnace chamber frame was used
to sight on Knoop hardness impressions placed 1.0 inch (2. 54 cm) apart on the speci-
men. The precision of creep - strain measurements is estimated to be +0. 02 percent
for the gage length used. In all instances, an initial gage length was read at the test
temperature prior to the loading of the specimen. The strain on loading was measured
and is incorporated in the reported total creep strain. Generally, this initial strain
was less than 0. 05 percent. Creep testing was usually terminated after a total creep
strain of 2 to 3 percent.

Post-test examination included chemical analysis for possible oxygen contamination
during testing, metallographic examination for grain size, etch pit formation, void
and/or crack formation, and microhardness and X-ray microprobe analysis for possible
solute segregation.

RESULTS AND DISCUSSION
Shape of Creep Curves

Typical creep curves for polycrystalline Ta-10W tested at 2372° F (1300° C),
2462° F (1350° C), and 6000 psi (41. 37 MN/mz) are shown in figure 3. These curves
consist of a strain on loading (eo) of about 0.05 percent, a very short period of primary
creep, and a secondary period of accelerating creep rate. There is no tertiary creep
period due to the small strains over which these measurements were taken, usually
about 2 percent. It is apparent from figure 3 that increasing the grain size from 0. 0031
to 0.0053 centimeter substantially reduces the secondary creep rate.

Several techniques were utilized to determine the time dependency of the secondary
creep period. The creep curves were analyzed by the geometric progression method of
deLacombe as described by Crussard (ref. 11) and were also replotted against time4/3

and time3/ 2. Computer fittings to polynomials of the form
e—eo=at+bt2+ct3 (2)
and
e—eo=a.t1/2+bt+ct3/2 (3)
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Figure 3. - Effects of grain size on creep behavior of Ta-10W.

which represents best fit of data to polynomial (e = ¢, + at 124 vt

Note upward concavity of creep curves
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were also explored. These analyses indicated that the creep curves could be well de-

scribed by a timel/2 term during primary creep and a time3/2

term during secondary
creep. Since there was no apparent period of linear creep, the t term was dropped and
all curves were computer fitted to the polynomial

1/2 | 143/2 (4)

€-€,= at
This relation was employed to obtain the smooth curves shown in figure 3.

Figure 4 illustrates the linearity of the strain-time curves when plotted against
time3/2, while figure 5 shows the computer-calculated instantaneous creep rates as
functions of time. The simultaneous occurrence of the minimum creep rates shown in
figure 5 indicates that the shapes of the creep curves are independent of the actual rates.

Creep rates for primary and secondary creep were determined from the strain-time
coefficients of equation (4) by expressing a and b in terms of reciprocal time. The
primary creep rate constant & thus has units of (strainz)(time' 1) and is equivalent to

az, while the secondary creep rate constant 8 has units of (strain2/3)(time'1) and is

equivalent to bz/ 3. These rate constants are given in table II along with other details
of the creep tests.

The uniform applicability of the time3/2

function for secondary creep to the creep
curves generated in this study strongly implies that accelerating creep is a basic feature
of the test results rather than an extraneous feature such as a gross compositional
change of the specimens during test. We suggest that the upward concavity of the creep
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Figure 4. - Creep curves from figure 3(a) replotted against time3/2. Note linearity at ex-
tended times.
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Figure 5. - Creep rate for curves shown in figure 3(a) calculated from best
fits to polynomial (€= € +at}/2 + pt3/2). Note simultaneous occurrence

of minimum creep rates,

curves results from a localized diffusion controlled reaction which occurs during creep
and has a weakening effect on the specimen. The effect of such a reaction on secondary

creep would be of the form

e—eo=ét(1+kt)1/2 (5)

where k reflects both the extent and rate of the diffusion reaction at constant tempera-
ture. It is easily seen that when kt >> 1, equation (5) reduces to

€ - e =exl/23/2 (6)

giving the time3/ 2 function for secondary creep deduced experimentally with 'ekl/ 2
equal to b in equation (4) and é2/ 3k1/ 3 equal to 4 in table II. Unfortunately, it was

not possible to separate B into creep and diffusion rate components.

10
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TABLE II. - CREEP RATES AND STRAINS FOR POLYCRYSTALLINE 90Ta-10W SHEET

T
Speci-

1-Hour anneal- Creep test Applied creep

i Primary creep Time to ' Secondary creep | Time at T\Strain ac—‘ Average grain Hardness +Oxygen pickup
men  ing temperature| temperature stress rate constant, reach rate constant, tempera-| hieved at | diameter, cm (10 kg VHN) |during testing,
a, minimum 8, ture and | tempera- (a) m
°F c °F °c psi MN/m2 (strainz)(sec' 1) creep (strainz/a)(sec_l) load, ture and Before | After .
rate, hr load, Before | After creep | creep
hr percent creep | creep | testing | testing
testing | testing
Constant temperature; constant load
2 2600 | 1426 2200 | 1204 | 8 000 55. 16 4, 41><10'12 200 0.98 1><10'E 1006. 6 1.13 0.0022 | 0.0024 223 214 12
3 3200 | 1759 2200 | 1204 (12000 82.74 . 887 147 . 706 1699. 6 .15 | ----- . 0044 199 222 158
4 2600 | 1426 2000 [ 1093 |15 900 | 109.63 14,6 --- —--- 1341.1 1.07 0022 | .0022 180 211 24
5 3600 | 1982 2200 | 1204 {12 000 | 82.74 . 304 244 . 352 3018.3 .12 | ----- .0124| 223 223 55
Constant load; step temperature
7 2800 1537 2462 1350 6 000 41.37 3.74x10° 12 38 2. 80><10'8 380.9 L1l - 0.0036 210 218 13
2372 1300 | m=e-e- - 1.29 286. 5 32 e t ‘ ‘
2282 1250 | 0 cmeees -- . 578 653. 5 D e
24 3000 1648 2462 1350 3.00 21 3.93 333.7 1.05 .0034 .0037 217 177 3
2372 1300 -- 1.53 285. 3 .41 l L l
2282 1250 | | a-oo- -- . 649 670.0 .37 e
10 3200 1758 2462 1350 . 243 27 1.40 1001. 6 1.29 .0044 . 0051 160 207 17
2372 1300 | | eeee- -- 706 552.0 .43 l ‘ l l
2282 1250 | | aee-e- -- .294 855.0 .20
25 3600 1982 2462 1350 | | e--ee- -- . 668 2004. 6 1.12 0198 | .0237 193 206 56
2372 1 1300 | | eeeeee -- . 366 791.3 28 | me-me- l
2282 | 1250, ¥ ¥ oeea. -- . 138 3240.6 .36 | e
28 3600 1982 2462 | 1350 | 8 000 55.16  ------ -- 1.61 1219.6 1.87 | ------ L0126 161 198 53
2372 | 1300 | |, | e----- -- . 738 1368. 5 1.24 | ------ l 1
2282 | 1250 ‘ —————— -- .219 839.2 D I e
15 2800 | 1537 2372 | 1300 6 000 | 41.37 9.10 57 2.89 354.0 1.07 L0027 | .0026 197 174 2
2372 | 1300 | 7000 | 48.26 | ------ -- 3.62 167.0 L1500 | memeee
2372 | 1300 8000 55.16 | ------ - 4.171 77.0 .60
2330 L1250 1L 1} —eeeen - 3.22 66.0 .31
2282 | 1250 ‘ ; ------ - 2.22 77.0 .24
Constant temperature; step load
v T
23 2800 1537 | 2372 1300 | 6000 41.37 | 10.1x107%2 69 2.64x1078 357.4 | 1,02 0.0027 [0.0031| 217 | 211 191
7000 48.26 | -ecooo -- 3.05 168. 5 62 | -emmm- L 1
8000 55.16 | ------ -- 3.34 335.0 1,70 | ------
17 3000 | 1648 6 000 | 41,37 2.48 59 1.82 620.0 1.15 .0034 | .0038 185 171 27
7000 48.26 | ------ -- 2.30 191.0 ) S PR
} 8000 55.16 | ------ -- 3.10 180.0 1,03 [------
2282 | 1250 | 8000 | 55.16 | ------ -- 1.55 122.0 .28 | ------
19 3200 | 1759 2372 | 1300 | 6 000 | 41.37 L1137 0 .618 1845.0 1,03 0044 | .0053 157 193 25
7000 | 48.26 | ----n- -- .856 843.0 103 |--mem- l i
8000 | 55.16 | ------ -- 1. 16 360 .62 | ------
21 3600 | 1982 6 000 | 41.37 1.58 L 1606. 5 .52 .0284 187 221 129
7000 | 48.26 -- . 382 44,0 .25 l l t t
8 000 | 55.16 -- . 564 625.0 .44

2an specimens were exposed 1 hr at indicated temperatures; variations in grain diameter are believed due to heating rate which was regulated by level of vacuum and degree

of specimen outgassing.




Stress and Structure Dependency

The stress dependency of the secondary creep rate constant B was investigated for
a series of step-load tests at 2372° F (1300° C). The results are shown in figure 6. It
can be noted from this plot that the apparent exponential stress dependency n is not
constant but varies with grain size. The fine-grained materials have apparent stress
dependencies of 1.69 to 1. 84 while the coarsest-grained material, which is also the
most creep resistant under these conditions, has an apparent stress dependency of 2. 92
over this narrow stress range. The variation of n with grain size is shown in figure 7.

The effect of grain size on the secondary creep rate constant B at constant stress
is shown in figure 8. The creep rate decreases with increasing grain size rather sharply
at fine-grain sizes but more slowly at larger grain sizes. This behavior is similar to
that exhibited by Monel at 1100° and 1300° F (593° and 704° C) (ref. 12) and is consistent
with creep deformation by a grain boundary sliding mechanism (ref. 13).
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Figure 8, - Effect of grain size on secondary creep rate
constant.

In order to relate the creep rate to both stress and structure, the concept of a
structure-dependent effective stress was explored. This relation is expressed as

oy = 0, + (L) (7

and is similar to the familiar Petch relation with Oq equal to the Petch oy but with the

structural term added to rather than subtracted from the applied stress to give the ef-
fective stress.

The proper function of grain size was determined by first interpolating and extra-
polating the creep data at 2282°, 2372°, and 2462° F (1250°, 1300°, and 1350° C) to
give the creep strength at various grain sizes at a constant creep rate in the midrange
of each set of data. Values of n for these calculations were taken from the curve in
figure 7. These calculated strength values were then plotted against L~ 1/ 2, L~ 1, and
L™“. Figure 9 shows these plots for the data at 2372° F (1300O C). These plots indi-
cate that for the majority of these data, the best fit is obtained for creep strength against
L2,

The relation between effective stress and grain size was further investigated by

13
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least squares fitting the experimental data at 2372° F (13000 C) to power functions in-~

volving both 1! and L2

as follows:

Alnl
B=kyl0o, +—
1{ "a L
Azn2
B =ky\%+—
L

(8)

(9)

The creep rates obtained from these relations are compared with the experimental data
for stresses of 6 and 8 ksi (41. 37 and 55, 16 MN/m2) in figure 10. Relation (9) is seen

to fit these data somewhat better than relation (8).
correlation coefficients of the least-squares best fits, 0.963 for relation (8) and 0.971

The better fit was confirmed by the

for relation (9). Based on these analyses, relation (9) was used to relate structure, ap-

plied stress and secondary creep rate.

Secondary creep rate constant, B, (sec'l)

80x1079

60

. n1 ]
B=kylog + AyL)

n
40 B=iolo, + Al 2]

\
20 \ \,

9B
I
|
I

ARANS
o N
NaW
10 \ ~
N NI 1 Stress, )
8 3\\\ ﬁm T;.kﬂ\llm )
6 ) \‘\ ~
\§ ~4 38
4 N
N,
AN (@]
“\\\
~N
T
2 ~
2 4 6 .8 1 2 4x1072

Grain size, L, cm

Figure 10. - Comparison of creep rate data at 2372° F
(1300° C) with calculated rates assuming effective
stress as function of L1 and L2, respectively.
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Temperature Dependency

An estimate of the temperature dependency of the secondary creep rate constant is
provided by data from the step-temperature tests listed in table II. These data, plotted
in figure 11, exhibit temperature dependencies corresponding to a rather wide range of
activation energies (66 to 88 kcal/g-mole, with an average of 77 kcal/g-mole).

The activation energy was also determined by computer fitting all of the rate con-
stant data to a relation of the form

. n' -Q./RT
B=Kcra+—-A— e ¢

L?

(10)

This approach yielded an activation energy of 90. 4 kilocalories per gram-mole, con-
siderably higher than observed in the step-temperature tests. A plot of structure-
compensated stress against temperature-compensated creep rate constant is shown in
figure 12. The difference in apparent activation energies is attributed to the diffusion-
controlled weakening reaction which also causes the accelerating creep curves. Since
the extent of a diffusion-controlled reaction is normally proportional to temperature,
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the use of a decreasing step-temperature test, as employed in the present investigation,
will cause the creep rate at a lower temperature to reflect the more rapid diffusion
which occurred at the previous higher temperature. Since the diffusion reaction is
weakening, the observed creep rates at lower temperatures in a step-temperature test
will thus be more rapid than those observed in a constant temperature test, and, con-
sequently, the apparent activation energy from such tests will be lower than from con-
stant temperature tests. Thus, the difference in apparent activation energies reflects
the nature of the step-temperature test employed and the activation energy determined

from the overall correlation is more accurate.

Mechanism

The observation of increasing creep rate with decreasing grain size is consistent
with the deformation mechanism commonly referred to as grain boundary sliding. How-
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ever, the activation energy of 90. 4 kilocalories per gram-mole is closer to that reported
for lattice self-diffusion in tantalum (98.7 kcal/g-mole, ref. 14) than to that expected
for boundary diffusion (about 0. 5 of Qlatti c e), again consistent with previous observa-
tion on the grain-boundary sliding. The actual mechanism is undoubtedly more compli-
cated than the simple sliding of one grain relative to another, which might be expected
to exhibit an activation energy similar to that for grain-boundary diffusion. It is more
likely that grain-boundary sliding actually involves local deformation of the grain ma-
terial adjacent to the boundary in order to accommodate sliding. This accommodation,
occurring by dislocation climb, might be expected to be slower than the sliding process,
occurring by grain-boundary diffusion, and hence, rate-limiting. Thus, we visualize
creep deformation by grain-boundary sliding as one controlled by local dislocation climb
in the vicinity of the grain boundary rather than one controlled by the sliding process
itself.

The use of an effective stress related to the applied stress by a grain size term as
expressed in equation (7) is similar although opposite in sign to the Petch relation, as
pointed out earlier. The difference in sign results from the fact that grain boundaries
are strengthening at low temperatures, where the Petch relation is applicable, while at
higher temperatures where grain-boundary sliding is predominant, grain boundaries are
weakening. The effective stress in equation (6) is theoretically that of a material of in-
finitely large grain size, that is, a large single crystal.

The proper grain size function of equation (7) is not clear from mechanistic con-
siderations. The grain-boundary area per unit volume is proportional to L2/L3 or
L'l. This function has been suggested by Garofalo in his alternate expression (eq. (1))
for incorporating structure effects, and it is in contrast to the L'2 function derived em-
pirically in the present study. The proper grain size may well depend on such factors
as the thickness of the adjacent boundary region which deforms to accommodate grain-
boundary sliding and/or solute segregation to or from this region.

The dependence of strain on time3 2 was exhibited by all creep curves in the pres-
ent study. The basis for this derivation from the normal second-stage linearity of
strain-time curves is not associated with precipitation or agglomeration of a second
phase since the material employed here was a clean, single-phase alloy. Neither does
this behavior appear attributable to oxygen losses during high-vacuum exposure, as sug-
gested by Sheffler et al. (ref. 6) for the Ta-8W-2Hf alloy, since analysis indicated slight
increases in oxygen content in the present study (table II). It does appear probable that
the time3 2 dependency of creep strain is related to diffusion-controlled reaction which
results in a weakening of the Ta-10W alloy. This suggestion is strengthened by the dis-
crepancy in apparent activation energies for creep, with the decreasing step-temperature
tests showing a lower apparent activation energy than that shown by the entire set of
data, including primarily results at constant temperatures. This discrepancy, as dis-
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cussed earlier, can be expected if a temperature-dependent diffusion reaction occurs
during creep.

The nature of the diffusion-controlled reaction is not clear at this time. One pos-
sibility is depletion of tungsten from the vicinity of the grain boundaries, which could be
expected to accompany vacancy annihilation at grain boundaries if the tungsten-vacancy
binding energy is only weakly positive and if the mobility of tungsten is greater than that
of tantalum (ref. 15). Unfortunately, compositional changes in the vicinity of the grain
boundaries are difficult to detect in a concentrated alloy such as Ta-10W; neither micro-
hardness traverses nor electron-probe studies of a specimen crept for 3018 hours at
2200° F (1204° C) could detect significant differences between the grain boundaries and
the grain interiors.

CONCLUSIONS

The following conclusions are drawn from this study on the long-time creep behavior
of Ta-10W in the 2000° to 2600° F (1093° to 1426° C) range:

1. Grain size exerts a significant effect on creep behavior, the creep strength de-
creasing with decreasing grain size. Creep rate can be related to applied stress 9,
and grain size L through the introduction of an effective stress 05!

Al
,échrnszo +An
e a 9

L

The predominant deformation mechanism is believed to be that commonly referred to as
grain-boundary sliding, although the observed activation energy suggests that deforma-
tion by dislocation climb in regions adjacent to the grain boundaries in order to accom-
modate grain-boundary sliding may be rate controlling.

3/2. This is inter-

2. Creep strain during secondary creep is proportional to time
preted to result from a concurrent, diffusion-controlled reaction which weakens Ta-10W,
possibly desegregation of tungsten from grain-boundary regions.

3. Second-stage creep of Ta-10W under the conditions of the present study can be

described by ’

2/3 . n' -Q./RT
=B=Ko'a+—A— e ¢

t L2

€
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where

€2/3/t creep rate

o applied stress

L grain size

T temperature

K 8.35x10710 gsec™ ! (psi)=3- 47
A 0.0389 psi (cm)2

n' 3.47

Q. 90 400 cal/g-mole

R 1. 986 cal/g-mole

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, May 27, 1970,
129-03.
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